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Thinner retinal nerve ﬁber layer (RNFL) has been reported in Alzheimer’s disease (AD)
patient. However, whether changes in RNFL thickness can predict the cognitive dete-
rioration remains unknown. We therefore set out a prospective clinical investigation to
determine the potential association between the attenuation of RNFL thickness and the
deterioration of cognitive function over a period of 25 months. We assessed cognitive
function using the Repeatable Battery for the Assessment of Neuropsychological Status
and measured RNFL thickness employing optical coherence tomography in 78 participants
(mean age 72.31 ± 3.98 years, 52% men). The participants were categorized as
stable participants whose cognitive status remained no change (N = 60) and converted
participants whose cognitive status deteriorated (N = 18). We found that there was
an association between the attenuation of superior quadrant RNFL thickness and the
deterioration of cognitive function in the stable participants. In the converted participants,
however, there was an inverse association between the reduction of inferior quadrant
RNFL thickness and decline of cognitive functions [scores of list recall (R = −0.670,
P = 0.002), adjusted (R = −0.493, P = 0.031)].These data showed that less reduction in the
inferior quadrant of RNFL thickness might indicate a higher risk for the patients to develop
cognitive deterioration. These ﬁndings have established a system to embark a larger scale
study to further test whether changes in RNFL thickness can serve as a biomarker of AD,
and would lead to mechanistic studies to determine the cellular mechanisms of cognitive
deterioration.
Keywords: biomarker,Alzheimer’s disease, mild cognitive impairment, dementia, retinal nerve fiber layer thickness;
cognition
INTRODUCTION
Alzheimer’s disease (AD), one of the greatest public health prob-
lems in the world, begins with a long asymptomatic period
(pre-clinical stage of AD) when only its neuropathogenesis is
progressing (Jack et al., 2010). Individuals with evidence of such
neuropathogenesis, which could potentially be demonstrated
by biomarkers, are at an increased risk to develop cognitive
impairment and dementia (Price and Morris, 1999). The pre-
clinical detection of such biomarkers would enable earlier and
more effective interventions to those at high risk to develop
AD (Sperling et al., 2011). Therefore, identifying AD biomark-
ers, especially the ones in the early stage of AD, is important
(McKhann et al., 2011).
Thickness of retinal nerve ﬁber layer (RNFL) starts to decline
approximately at age 20 and the reduction of RNFL thickness
could be part of the pathology of neurodegenerative diseases
including AD (Parikh et al., 2007). Reduction in RNFL thick-
ness is therefore a potential early biomarker of AD (Ho et al.,
2012). It has been reported that subjects with AD or mild cog-
nitive impairment (MCI) may have thinner RNFL as compared to
age-matched control subjects (Tsai et al., 1991; Hedges et al., 1996;
Paquet et al., 2007; Kesler et al., 2011). However, whether the
reduction of RNFL thickness over time can predict the progress of
cognitive deterioration, remains to be investigated.
In this prospective clinical investigation, we assessed the
potential association between the attenuation of RNFL thick-
ness and the deterioration of cognitive function over a period of
25 months in two groups of participants: the participants whose
diagnosis of cognitive status (e.g., normal cognition or MCI)
remained unchanged (stable group, N = 60) and the participants
whose diagnosis of cognitive status deteriorated (converted group,
N = 18). We have hypothesized that the association of the atten-
uation in RNFL thickness and cognitive deterioration is different
between the participants in the stable group and the participants
in the converted group. We employed the repeatable battery for
the assessment of neuropsychological status (RBANS) and optical
coherence tomography (OCT) to measure the cognitive function
and RNFL thickness, respectively, before and after a period of
25months. Thenwe assessed the potential association between the
attenuation in RNFL thickness and the deterioration in cognitive
function in the participants of the stable and the converted
group.
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METHODS
PARTICIPANTS
This study was approved by the Human Research Ethics Board
of afﬁliated Tongji Hospital of Tongji University in Shanghai,
P. R. China [LL(H)-09-04]. All participants signed the written
informed consent before being enrolled in the study.
The baseline assessment of cognitive function was conducted
from October 2010 to November 2010 and the follow-up assess-
ment of the cognitive function was conducted from November
2012 to December 2012 (a 25 months follow-up study). A total
of 104 participants were screened and enrolled initially. All
participants were older adults with normal functional capac-
ity and lived independently at the time of screening. They
were recruited from three communities in Shanghai, P.R. China
via ﬂyer distribution. The eligibility criteria at the time of
baseline assessment included: (1) age 70 years or older; (2)
5 years or more of education; (3) Chinese as the ﬁrst language.
Participants were excluded if they had: (1) AD dementia or
Parkinson’s disease dementia diagnosed according to DSM-IV
(America Psychiatric Association, 2000); (2) history of mental
disorders (e.g., depression and schizophrenia) diagnosed accord-
ing to DSM-IV; (3) severe functional decline (e.g., unable to
live independently) conﬁrmed by relatives; (4) history of pre-
existing cerebrovascular disorders; (5) known diseases affecting
the eye or optic nerve, e.g., glaucoma or increased intraoc-
ular pressure (IOP), retinal detachment, retinal degeneration;
and (6) hyperglycemia (fasting blood glucose ≥7.0 mmol/L).
The participants were ﬁrst screened for dementia by using
the Chinese version of the MMSE (CMMSE; Katzman et al.,
1988), Chinese version of Activities of the Daily Living Scale
(ADL; Chen et al., 1995) and the Chinese version of the RBANS
(Cheng et al., 2011) by three trained research assistants through
face-to-face interviews. Then, psychiatrists made clinical evalu-
ations of patients including history, physical examination, and
checking basic laboratory results. According to Petersen’s deﬁ-
nition (Petersen et al., 1999), participants were diagnosed with
MCI if they had (1) self-reported memory problems for over
3 months, (2) normal function of daily living: the Chinese
version of ADL ≤ 15 (Li et al., 2006), (3) normal general cog-
nitive function but abnormal memory functioning evidenced
by lower score of CMMSE than education-dependent cutoff
points: 20/21 for those who had 6 years of education or
less (elementary school), and 24/25 for those who had more
than 6 years of education (middle or high school). Note this
cutoff point was used in the similar studies in Chinese pop-
ulation (Li et al., 2006; Ma et al., 2008). The cutoff point of
CMMSE was lower in China than in the United States due
to the difference in education and culture (Zhang et al., 1990;
Sahadevan et al., 2002; Zhou et al., 2006). Dementia was deter-
mined according to the DSM-IV criteria (Tzamalis et al., 2009).
Participants were deﬁned as “stable” if they changed neither
from normal cognition to MCI nor MCI to dementia at the
follow-up assessment. Participants were deﬁned as “converted”
if they changed from normal cognition to MCI or from MCI
to dementia at the follow-up time. The diagnosis of MCI or
dementia was made only if two psychiatrists conﬁrmed the
diagnosis.
OPTICAL COHERENCE TOMOGRAPHY EVALUATION
OCT examination was conducted on the same day as the cogni-
tive assessment. Repeat-scan protocol is proved to be a precise
method for measuring RNFL thickness in normal eyes (Cheung
et al., 2008). OCT (ZEISS CirrusTM HD-OCT 4000 OCT(2010
Carl Zeiss Meditec, Inc., Dublin, CA, USA) and IOP were per-
formed in all participants as described by Cheung et al. (2008)
with modiﬁcation. The polarization and Z-offset, as determined
from the OCT settings, were optimized to assure the best possi-
ble scanning quality before the scan was obtained. A default optic
disk cube 200 × 200 protocol (software version 4.6) was used to
determine the RNFL thickness. Layer-seeking algorithms found
the RNFL inner (anterior) boundary and RNFL outer (posterior)
boundary for the entire cube, except for the optic disk. A scan was
savedonly if the fundus imagewas sufﬁciently visible to distinguish
the optic disk and the scanning circle and if there were no obvious
movement artifacts with missing data at the acquired scan pat-
tern. Images with eye movements during scans, poor centration,
poor focus, low analysis conﬁdence or signal strength less than
4/10 were excluded. RNFL thickness was measured three times
per quadrant using repeat scan protocols and the average of the
12 values were used for each eye. The RNFL thickness (global,
superior, inferior, nasal, and temporal quadrant) in each par-
ticipant was the average from both eyes or from one eye if the
data from the other eye were missing. Changes of RNFL thickness
were deﬁned by using the follow-up RNFL thickness minus the
baseline RNFL thickness in the global and in each quadrant of
RNFL.
NEUROPSYCHOLOGICAL EVALUATION
The CMMSE was administered to assess general cognitive func-
tion as a screening instrument. The CMMSE is a translated version
of the MMSE and has good validity and reliability in the Chinese
population (Katzman et al., 1988). TheChinese version of theADL
(Chen et al., 1995) was administrated to evaluate the daily liv-
ing function. It is composed of a Physical Self-Maintenance Scale
(PSMS; six items) and an Instrumental Activities of Daily Living
Scale (IADL; eight items). PSMS items include eating, bathing,
dressing, grooming, transferring (e.g., moving from chair to bed
and return), and using the toilet. IADL items include use of the
telephone, shopping, preparing a hot meal, doing housework,
taking medication, managing ﬁnancial matters, getting to places
beyondwalking distances, and doing laundry. TheChinese version
of RBANS (Form A) was used to evaluate the speciﬁc domains of
cognitive function of the participants. The reliability and validity
of RBANS in the Chinese elderly community has been validated
using the American norm (Zhang et al., 2008). Scores were calcu-
lated according to the American norm and Chinese representative
normal people and they were highly correlated to each other in all
age groups (Lim et al., 2010; Yang et al., 2010). The test scores and
the index scores, including the ones of immediate memory, visu-
ospatial/constructional, language, attention, and delayed memory,
were used for the data analysis. Changes of cognitive performance
were calculated by using the follow-up scores minus the baseline
scores of each test or domain. All neuropsychological assessments
were conducted by trained research assistants according to the
protocol.
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STATISTICAL ANALYSIS
Student’s t-test was used to compare demographic, cognitive,
and retinal features between the participants in the stable versus
converted group. Pearson’s correlation was performed to assess
the correlation between the changes in RNFL thickness and the
changes in cognitive function. Next, a linear regression model was
used to adjust for confounders including age, gender, education,
blood glucose, and blood cholesterol level, which were reported
to inﬂuence RNFL thickness (Oshitari et al., 2009; Kardys et al.,
2013). Scores of RBANS were treated as the outcome and modeled
by RNFL thickness and these confounders in the regression. Anal-
yses were performed using SPSS 17.0 for Windows, (SPSS Inc.,
Chicago, IL, USA), with P < 0.05 as the signiﬁcance level.
RESULTS
DEMOGRAPHIC CHARACTERISTICS
There were 104 participants at the beginning (baseline), 82 were
cognitively normal and 22 had MCI. Among the 82 cognitively
normal participants at baseline, four withdrew from the stud-
ies for the treatment of respiratory infections (two) and bone
fracture (two). Another ﬁfteen participants were lost from follow-
up due to “no more interest” (four), “unavailable” (one) or loss
of contact information (10; see Figure 1). Among the 22 MCI
patients, one died from a trafﬁc accident and another one with-
drew from the studies due to suffering from other illnesses.
Thus, a total of 83 participants were assessed at 25 months after
enrollment.
Three of the 83 participants were excluded because they were
not able to provide a clear image of RNFL in both eyes by
OCT measurement, two of them were diagnosed with cancer
before the ﬁnal assessment (see Figure 1). Therefore, 78 par-
ticipants were included in the ﬁnal data analysis, among them,
58 had normal cognition at baseline and 20 had MCI at base-
line. The mean age of participants at the time of baseline was
72.31 ± 3.98 (mean ± SD) years, 52.0% participants were
male.
At the time of 25 months after the beginning of the studies, 50
of the 58 participants who were cognitively normal at the base-
line remained cognitively normal and 8 of the 58 participants
converted to MCI. Among 20 participants who had MCI at the
baseline, 10 of them stayed as MCI and 10 of them converted to
mild (9) or moderate (one) dementia. Therefore, 18 participants
who converted from normal cognition to MCI or from MCI to
dementia were deﬁned as “converted.” The other 60 participants
who did not convert from normal cognition to MCI nor from
MCI to dementia were deﬁned as “stable” (Table 1). Student’s t-
test showed that the converted participants had lower education
years than the stable participants: 6.95 ± 2.23 (mean ± SD) years
versus 10.23 ± 3.65 (mean ± SD) years (P < 0.001). As expected,
the converted participants had lower MMSE scores than the sta-
ble participants (P < 0.001; Table 1). There were no differences
in age, sex ratio, blood pressure, and level of blood choles-
terol and glucose between the stable and converted participants
(Table 1).
FIGURE 1 | Flow Diagram.The diagram shows that 104 participants were initially screened for the studies and ﬁnally 78 participants were included in the data
analysis.
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Age (years) (SD) 74.1 (3.7) 75.3 (4.1) 0.27
Male sex (No.) (%) 26 (43.3%) 8 (44.4%) 0.821
Education (years) (SD) 10.23 (3.65) 6.95 (2.23) <0.001
SBP (mmHg) (SD) 132.6 (15.5) 135.1 (9.3) 0.54
DBP (mmHg) (SD) 77.1 (7.7) 73.8 (7.3) 0.13
Cholesterol (mmol/L) (SD) 1.4 (0.5) 1.7 (0.7) 0.19
Blood glucose (mmol/L) (SD) 5.5 (1.3) 5.8 (1.7) 0.41
MMSE (score) (SD) 27.7 (1.7) 24.6 (3.1) <0.001
P value refers to differences between groups of stable and converted in age, sex,
education, MMSE, SBP, DBP, cholesterol, and blood glucose. Education refers to
self-reported years of education. The difference of sex was determined by Chi-
square test, the difference in other variables was determined by the student’s
t-test. MMSE, mini-mental state examination; SBP, systolic blood pressure; DBP,
diastolic blood pressure.
ASSOCIATION BETWEEN THE ATTENUATION OF RNFL THICKNESS AND
DETERIORATION OF COGNITIVE FUNCTION IN THE STABLE
PARTICIPANTS
In the stable participants, Pearson’s correlation analysis showed
that the reduction of RNFL thickness in the superior quad-
rant was positively associated with the reduction in score of list
recall (R = 0.279, P = 0.031) and delayed memory (R = 0.328,
P = 0.011), but not with other cognitive tests. Linear regres-
sion analyses were performed to evaluate the association between
them. The Linear regression, after the adjustment of age, gen-
der, education, blood glucose, and cholesterol level, showed that
the reduction of RNFL thickness in the superior quadrant was
still positively associated with a reduction of test score on the
list recall (R = 0.294, P = 0.025) and index score of delayed
memory (R = 0.335, P = 0.010; Table 2). These ﬁndings sug-
gest that the attenuation of RNFL thickness was associated with
the decline of cognitive function in stable participants. Speciﬁcally,
more attenuation of RNFL in the superior quadrant may predict
greater cognitive deterioration. Reduction in the inferior, nasal,
temporal quadrant, and the global RNFL thickness was not asso-
ciated with the reduction in the score of the cognitive test (data
not shown).
INVERSE ASSOCIATION BETWEEN THE REDUCTION OF RNFL
THICKNESS AND COGNITIVE FUNCTIONS IN THE CONVERTED
PARTICIPANTS
Next, we asked whether the converted participants with a greater
reduction of RNFL thickness also had a more signiﬁcant decline
of cognitive function. Pearson’s correlation analysis showed that
the reduction of the thickness of inferior quadrant of RNFL was
inversely associated with the reduction of test scores of list recall
(R = −0.670, P = 0.002), story recall (R = −0.472, P = 0.048),
the index scores of immediate memory (R = −0.555, P = 0.017)
and delayed memory (R = −0.494, P = 0.037; Table 3). There
was no association between the RNFL thickness in the superior,
Table 2 | Association between reduction of RNFL thickness in the
superior quadrant and cognitive deterioration in stable participants.
Cognitive function Non-adjusted Adjusted
R P R P
List learningTS 0.076 0.562 0.048 0.734
List recall TS 0.279 0.031 0.294 0.025
Story recall TS 0.143 0.275 0.153 0.273
Immediate memory IS 0.089 0.532 0.085 0.542
Delayed memory IS 0.328 0.011 0.335 0.010
The left panel of the table illustrates the results of the regression coefﬁcients for
the changes of RNFL thickness and cognitive function in a simple linear regres-
sion. The right panel of the table shows the regression coefﬁcients in multiple
linear regressions including adjustment of age, gender, education, blood glucose,
and cholesterol levels. TS, test score; IS, index score.
Table 3 | Inverse association between reduction of RNFL thickness in
the inferior quadrant and cognitive deterioration in converted
participants.
Cognitive function Non-adjusted Adjusted
R P R P
List learningTS −0.307 0.216 −0.087 0.745
List recall TS −0.670 0.002 −0.493 0.031
Story recall TS −0.472 0.048 −0.472 0.048
Immediate memory IS −0.555 0.017 −0.459 0.079
Delayed memory IS −0.494 0.037 −0.589 0.033
The left panel of the table illustrates the results of the regression coefﬁcients for
the changes of RNFL thickness and cognitive function in a simple linear regres-
sion. The right panel of the table shows the regression coefﬁcients in multiple
linear regressions including adjustment of age, gender, education, blood glucose,
and cholesterol levels. TS, test score; IS, index score.
nasal and temporal quadrant with the test or index score of the
cognitive function (data not shown). The liner regression analy-
sis, with the adjustment of age, gender, education, blood glucose,
and cholesterol level, showed that the reduction of RNFL thick-
ness in the inferior quadrant was still inversely associated with a
decrease in test scores of the list recall (R = −0.493, P = 0.031),
story recall (R = −0.472, P = 0.048), and a reduction in the
index score of delayed memory (R = −0.589, P = 0.033; Table 3).
These ﬁndings indicate that the attenuation of RNFL thickness
was inversely associated with the decline of cognitive function in
converted participants. Speciﬁcally, less attenuation of RNFL in
the inferior quadrant may predict greater cognitive deterioration.
Reduction in superior, nasal, temporal quadrant, and the global
RNFL thickness was not associated with the reduction in the score
of the cognitive test (data not shown).
DISCUSSION
The RNFL thickness in healthy old adults is heterogeneous
(Poinoosawmy et al., 1997; Parikh et al., 2007), therefore, it
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is important to assess the changes in RNFL thickness over
time and to determine the potential association between the
changes in RNFL thickness and the changes in cognitive func-
tion. We performed such studies over a 25 month-period
in the participants who maintained their cognitive status and
in the participants who had deterioration in their cognitive
status.
We found that, whereas the more attenuation of RNFL thick-
ness in the superior quadrant may predict greater cognitive
deterioration in the participants who maintain stable cognitive
function (neither converted from normal cognition to MCI nor
from MCI to dementia), the less attenuation of RNFL thickness
in the inferior quadrant may predict greater cognitive deteri-
oration in the participants who have converted from normal
cognition to MCI or from MCI to dementia. These ﬁndings
suggest that patients who have less reduction in the thickness
of the inferior quadrant of RNFL over the time may have a
higher risk of developing MCI and dementia. Pending on fur-
ther studies, these ﬁndings may indicate that the reduction
of RNFL thickness could serve as a biomarker of MCI and
dementia.
The ﬁndings that more attenuation of RNFL thickness in the
superior quadrant may predict greater cognitive deterioration in
the participants who maintain stable cognitive status (e.g., par-
ticipants do not convert from normal cognitive function to MCI)
suggest that the attenuation in the thickness of superior quadrant
of RNFL may reﬂect a normal aging process, pending on further
studies.
Previous studies (Kesler et al., 2011) have suggested that inferior
quadrant of retinal nerve may be a more speciﬁc area than other
quadrants of retinal nerve to reﬂect the retinal abnormity in early
stage of AD, e.g., MCI. Consistently, our studies indicated that the
changes in the inferior quadrant of RNFL thickness were more
sensitive than thickness in other quadrants of RNFL in predicting
the deterioration of cognitive status.
Impairment of delayed episodic memory is among the ear-
liest signs of MCI patients who subsequently progress to AD
(Schönknecht et al., 2005; Albert et al., 2011). In the present
study, the attenuation of RNFL thickness was selectively associ-
ated with the decline in the delayed episodic memory but none
of other cognitive domains, e.g., attention, language, or visu-
ospatial construction, in the converted participants (data now
shown). Collectively, we postulate that the attenuation of thickness
of inferior RNFL could potentially be an early marker of cognitive
decline in elderly people. Particularly, the attenuation of thickness
in the inferior quadrant of RNFL over the time could be more sen-
sitive to the cognitive deterioration than the changes in the global
and other quadrants of RNFL.
The mechanisms underlying the inverse association between
cognitive function and thickness of inferior quadrant RNFL in the
participants who have deterioration of cognitive status remain
unknown. Retinal nerve ﬁber projects to the calcarine ﬁssure
(occipital region) via lateral geniculate body and optic radiation
(Mandala et al., 2012), which constitutes the periventricular white
matter (Wilson and Steiner, 1986). White matter hyper-intensity
(WMH) is commonly observed in AD patients, which is illus-
trated by increased intensities of white matter demonstrated by
magnetic resonance imaging (MRI; Scheltens et al., 1993). Pre-
vious studies have reported that WMH are associated with an
increased risk of dementia (Bocti et al., 2005) and rapid declines
in global cognitive function (Ku et al., 2011). Two latest studies
proved that periventricular WMH (PWMH) is inversely cor-
related with hippocampus volume as well as performance of
episodic memory in AD patients (Kandiah et al., 2013), and was
also inversely correlated with the cognitive deterioration in PD
patients (Jang et al., 2013). Further studies, determining the asso-
ciation of RNFL thickness with WMH and other biomarkers of
AD, e.g., hippocampus volume, CSF Aβ and/or Tau, are war-
ranted to determine the underlying mechanisms of our clinical
observation.
These ﬁndings would also lead to mechanistic studies to deter-
mine the cellular mechanisms of cognitive deterioration. The
magnocellular pathway, which is associated with retinal nerve
ﬁber, has its primary receptors in the retina (Alexander et al.,
2001). Magnocellular pathway dysfunction has been identiﬁed
in AD patients. Speciﬁcally, the magnocellular pathway in AD
patients shows signiﬁcant cell loss in the primary visual cortex
(Hof and Morrison, 1990), reviewed in (Valenti, 2010). Collec-
tively, we postulate that changes in retinal nerve ﬁber thickness
may cause alterations in axon, which then affect synaptic func-
tion, leading to cognitive deterioration. The future studies, both
in animals and in cultured neurons, are warranted to test this
hypothesis.
The studies have several limitations. First, the drop-off rate
at the time of the later assessment was relatively high (20.2%)
and this may inﬂuence the interpretation of the data. However,
we compared the demographic characteristics (in Table 1) of the
participants who stayed for the study and the participants who
dropped from the study, and we did not ﬁnd signiﬁcant differences
in demographic features between the two populations. Second,
the sample size of present study was relatively small. However,
the current research serves as a pilot study to establish a system
to further determine the potential value of RNFL thickness as
a biomarker of AD and MCI in the future. Future studies with
larger sample size and longer term observation should be per-
formed.
In conclusion, our studies have demonstrated for the ﬁrst time
that longitudinal attenuation of RNFL is associated with cognitive
decline. Speciﬁcally, the less reduction in the inferior quadrant
of RNFL thickness would indicate a higher risk for the patients
to develop MCI and dementia. These studies have established a
system so that we can now embark on larger scale studies to further
test the potential association between the attenuation of RNFL
thickness and cognitive deterioration, which may ultimately lead
to the development of employing RNFL thickness as a biomarker
of AD.
ACKNOWLEDGMENTS
We are grateful to our colleagues in Tongji Hospital who sup-
ported our research including Dr. Ao Rong, Dr. Wenyuan Wu and
Dr. Zheng Lu. This study was supported by grant 30770769 and
81200833 from theNationalNatural Science Foundation of China,
and was also supported by grant 12ZR1428600 from the Shanghai
Natural Science Foundation.
Frontiers in Cellular Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 142 | 5
“fncel-07-00142” — 2013/9/18 — 15:26 — page 6 — #6
Shen et al. RNFL thickness and cognitive function
AUTHOR CONTRIBUTIONS
Study concept, design and funding obtain: Yuan Shen andChunbo
Li. Analysis and interpretation of data: Yuan Shen, Chunbo Li and
Zhongyong Shi. Participant enrollment and cognitive evaluation:
Zhongyong Shi, Renbao Jia,Yikang Zhu,Wei Feng andYan Cheng.
Drafting of the manuscript: Yuan Shen. Chunbo Li andYuan Shen
had full access to all of the data and the accuracy of the data
analysis.
REFERENCES
Albert, M. S., DeKosky, S. T., Dick-
son, D., Dubois, B., Feldman, H.
H., Fox, N. C., et al. (2011). The
diagnosis of mild cognitive impair-
ment due to Alzheimer’s disease:
recommendations from the National
Institute on Aging-Alzheimer’s Asso-
ciation workgroups on diagnosis
guidelines for Alzheimer’s disease.
Alzheimers Dement. 7, 270–279. doi:
10.1016/j.jalz.2011.03.008
Alexander, K. R., Pokorny, J., Smith,
V. C., Fishman, G. A., and Barnes,
C. S. (2001). Contrast discrimina-
tion deﬁcits in retinitis pigmentosa
are greater for stimuli that favor the
magnocellular pathway. Vision Res.
41, 671–683. doi: 10.1016/S0042-
6989(00)00286-8
America Psychiatric Association.
(2000). Diagnostic and Statistical
Manual of Mental Disorders, 4th
Edn. Washington, DC: American
Psychiatry Association.
Bocti, C., Swartz, R. H., Gao, F. Q.,
Sahlas, D. J., Behl, P., and Black,
S. E. (2005). A new visual rat-
ing scale to assess strategic white
matter hyperintensities within
cholinergic pathways in demen-
tia. Stroke 36, 2126–2131. doi:
10.1161/01.STR.0000183615.07936.b6
Chen, P., Yu, E. S., Zhang, M., Liu, W.
T., Hill, R., and Katzman, R. (1995).
ADL dependence and medical con-
ditions in Chinese older persons: a
population-based survey in Shang-
hai, China. J. Am. Geriatr. Soc. 43,
378–383.
Cheng, Y., Wu, W. Y., Wang, J.
Q., Feng, W., Wu, X., and Li,
C. B. (2011). Reliability and valid-
ity of the repeatable battery for
the assessment of neuropsycholog-
ical status in community-dwelling
elderly. Arch. Med. Sci. 7, 850–857.
doi: 10.5114/aoms.2011.25561
Cheung, C. Y., Leung, C. K.,
Lin, D., Pang, C. P., and
Lam, D. S. (2008). Relationship
between retinal nerve ﬁber layer
measurement and signal strength in
optical coherence tomography. Oph-
thalmology 11, 1347–1351. doi:
10.1016/j.ophtha.2007.11.027
Hedges, T. R. III, Perez Galves,
R., Spiegelman, D., Barbas, N.
R., Peli, E., and Yardley, C. J.
(1996). Retinal nerve ﬁber layer
abnormalities in Alzheimer’s dis-
ease. Acta Ophthalmol. Scand. 74,
271–275. doi: 10.1111/j.1600-0420.
1996.tb00090.x
Ho,W. L., Leung, Y., Tsang, A. W., So, K.
F., Chiu, K., and Chang, R. C. (2012).
Review: tauopathy in the retina and
optic nerve: does it shadow patholog-
ical changes in the brain? Mol. Vis. 18,
2700–2710.
Hof, P., and Morrison, J. (1990).
Quantitative analysis of a vulnera-
ble subset of pyramidal neurons in
Alzheimer’s disease: II. Primary and
secondary visual cortex. J. Comp.
Neurol. 301, 55–64. doi: 10.1002/cne.
903010106
Jack, C. R. Jr., Knopman, D., Jagust,
W. L., Aisen, P., Weiner, M.,
Petersen, R. C., et al. (2010). Hypo-
thetical model of dynamic biomark-
ers of the Alzheimer’s pathological
cascade. Lancet Neurol. 9, 119–
128. doi: 10.1016/S1474-4422(09)
70299-6
Jang, J. W., Kim, S. Y., Na, H. Y., Ahn, S.,
Lee, S. J., Kwak, K. H., et al. (2013).
Effect of white matter hyperintensity
on medial temporal lobe atrophy in
Alzheimer’s disease. Eur. Neurol. 69,
229–235. doi: 10.1159/000345999
Kandiah, N., Mak, E., Ng, A.,
Huang, S., Au, W. L., Sitoh, Y. Y.,
et al. (2013). Cerebral white mat-
ter hyperintensity in Parkinson’s dis-
ease: a major risk factor for mild
cognitive impairment. Parkinsonism
Relat. Disord. 19, 680–683. doi:
10.1016/j.parkreldis.2013.03.008
Kardys, A., Weinstock-Guttman, B.,
Dillon, M., Masud, M. W., Wein-
stock, N., Mahfooz, N., et al. (2013).
Cholesterol affects retinal nerve ﬁber
layer thickness in patients with mul-
tiple sclerosis with optic neuritis.
Eur. J. Neurol. 20, 1264–1271. doi:
10.1111/ene.12162
Katzman, R., Zhang, M. Y., Ouang, Y.,
Wang, Z., Liu,W.,Yu, E., et al. (1988).
A Chinese version of the mini-
mental state examination: Impact
of illiteracy in a Shanghai dementia
survey. J. Clin. Epidemiol. 10, 971–
978. doi: 10.1016/0895-4356(88)
90034-0
Kesler, A., Vakhapova, V., Korczyn,
A., Naftaliev, E., and Neudorfer,
M. (2011). Retinal thickness in
patients with mild cognitive impair-
ment and Alzheimer’s disease. Clin.
Neurol. Neurosurg. 113, 523–526. doi:
10.1016/j.clineuro.2011.02.014
Ku, B. D., Na, D. L., Moon, S. Y., Kim, S.
Y., Seo, S. W., Cheong, H. K., et al.
(2011). Neuropsychological corre-
lates of the proportional impact of
whitematter hyperintensities onmild
to moderate dementia: the MRI 300
study. Dement. Geriatr. Cogn. Dis-
ord. 31, 397–405. doi: 10.1159/0003
28624
Li, C. B., Wu, W. Y., Jin, H., Zhang,
X., Xue, H. B., He, Y. L., et al.
(2006). Successful aging in Shang-
hai, China: deﬁnition, distribution
and related factors. Int. Psychogeriatr.
18, 551–563. doi: 10.1017/S1041610
205002966
Lim, M. L., Collinson, S. L., Feng,
L., and Nq, T. P. (2010). Cross-
cultural application of the Repeat-
able Battery for the Assessment of
Neuropsychological Status (RBANS):
performances of elderly Chinese Sin-
gaporeans. Clin. Neuropsychol. 24,
811–826. doi: 10.1080/13854046.
2010.490789
Ma, F., Wang, T., Yin, J., Bai,
X., Zhang, X. D., Meng, J., et al.
(2008). A case-control study on the
inﬂuencing factors to mild cognitive
impairment among the community-
based elderly population. Zhonghua
Liu Xing Bing Xue Za Zhi 29,
873–877.
Mandala, P. K., Joshia, J., and Saha-
rana, S. (2012). Visuospatial per-
ception: an emerging biomarker for
Alzheimer’s disease. J. Alzheimers
Dis. 31, S117–S135.
McKhann, G. M., Knopman, D. S.,
Chertkow, H., Hyman, B. T., Jack,
C. R. Jr., Kawas, C. H., et al.
(2011). The diagnosis of demen-
tia due to Alzheimer’s disease: rec-
ommendations from the National
Institute on Aging-Alzheimer’s Asso-
ciation workgroups on diagnostic
guidelines for Alzheimer’s disease.
Alzheimers Dement. 7, 263–269. doi:
10.1016/j.jalz.2011.03.005
Oshitari, T., Hanawa, K., and Adachi-
Usami, E. (2009). Changes of
macular and RNFL thicknesses mea-
sured by Stratus OCT in patients
with early stage diabetes. Eye
23, 884–889. doi: 10.1038/eye.20
08.119
Paquet, C., Boissonnot, M., Roger, F.,
Dighiero, P., Gil R., and Hugon, J.
(2007). Abnormal retinal thickness
in patients with mild cogni-
tive impairment and Alzheimer’s
disease. Neurosci. Lett. 420, 97–
99. doi: 10.1016/j.neulet.2007.
02.090
Parikh, R. S., Parikh, S. R., Sekhar,
G. C., Prabakaran, S., Babu, J. G.,
and Thomas, R. (2007). Normal age-
related decay of retinal nerve ﬁber
layer thickness. Ophthalmology 114,
921–926. doi: 10.1016/j.ophtha.2007.
01.023
Petersen, R. C., Smith, G. E., Waring,
S. C., Ivnik, R. J., Tangalos, E. G.,
and Kokmen, E. (1999). Mild cog-
nitive impairment: clinical character-
ization and outcome. Arch. Neurol.
56, 303–308. doi: 10.1001/archneur.
56.3.303
Poinoosawmy, D., Fontana, L., Wu,
J. X., Fitzke, F. W., and Hitchings,
R. A. (1997). Variation of nerve
ﬁbre layer thickness measurements
with age and ethnicity by scanning
laser polarimetry. Br. J. Ophthalmol.
81, 350–354. doi: 10.1136/bjo.81.
5.350
Price, J., and Morris, J. (1999).
Tangles and plaques in nonde-
mented aging and “preclinical”
Alzheimer’s disease. Ann. Neurol.
45, 358–368. doi: 10.1002/1531-
8249(199903)45:3<358::AID-ANA1
2>3.0.CO;2-X
Sahadevan, S., Lim, J., Tan, N., and
Chan, S. P. (2002). Psychomet-
ric identiﬁcation of early Alzheimer
disease in an elderly Chinese popu-
lation with differing educational lev-
els. Alzheimer Dis. Assoc. Disord.
16, 65–72. doi: 10.1097/00002093-
200204000-00003
Scheltens, P., Barkhof, F., Leys, D.,
Pruvo, J. P., Nauta, J. J., Vermer-
sch, P., et al. (1993). Semiquantative
rating scale for the assessment of
signal hyperintensities on magnetic
resonance imaging. J. Neurol. Sci.
114, 7–12. doi: 10.1016/0022-
510X(93)90041-V
Schönknecht, P., Pantel, J., Kruse,
A., and Schröder, J. (2005). Preva-
lence and natural course of aging-
associated cognitive decline in a
population-based sample of young-
old subjects. Am. J. Psychiatry 162,
2071–2077. doi: 10.1176/appi.ajp.
162.11.2071
Sperling, R., Aisen, P., Beckett, L.,
Bennett, D., Craft, S., Fagan, A., et al.
(2011). Toward deﬁning the preclin-
ical stages of Alzheimer’s disease:
recommendations from the National
Institute on Aging-Alzheimer’s
Association workgroups on diag-
nostic guidelines for Alzheimer’s
disease. Alzheimers Dement. 7,
Frontiers in Cellular Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 142 | 6
“fncel-07-00142” — 2013/9/18 — 15:26 — page 7 — #7
Shen et al. RNFL thickness and cognitive function
280–292. doi: 10.1016/j.jalz.2011.
03.003
Tsai, C., Ritch, R., Schwartz, B.,
Lee, S. S., Miller, N. R., Chi, T.,
et al. (1991). Optic nerve head and
nerveﬁber layer in Alzheimer’s dis-
ease. Arch. Opthalmol. 109, 199–204.
doi: 10.1001/archopht.1991.010800
20045040
Tzamalis, A., Kynigopoulos, M.,
Schlote, T., and Haeﬂiger, I.
(2009). Improved reproducibility of
retinal nerve ﬁber layer thickness
measurements with the repeat-scan
protocol using the Stratus OCT
in normal and glaucomatous eyes.
Greafes Arch. Clin. Exp. Ophthalmol.
247, 245–252. doi: 10.1007/s00417-
008-0946-9
Valenti, D. A. (2010). Alzheimer’s dis-
ease: visual system review. Optom-
etry 81, 12–21. doi: 10.1016/
j.optm.2009.04.101
Wilson, A. W., and Steiner, R. E. (1986).
Periventricular leukomalacia: evalu-
ation with MR imaging. Radiology
160, 507–511.
Yang, G. G., Tian, J., Tan, Y. L.,
Wang, Z., Zhang, X., Zhang, W. F.,
et al. (2010). The application perfor-
mance of the repeatable battery for
the assessment of neuropsychologi-
cal status among normal persons in
Beijing. Chinese Ment. Health J. 24,
926–931.
Zhang, B. H., Tan, Y. L., Zhang, W.
F., Wang, Z. R., Yang, G. G., Shi,
C., et al. (2008). Repeatable bat-
tery for the assessment of neuropsy-
chological status as screening test
in Chinese: reliability and validity.
Chinese Ment. Health J. 22, 865–
869.
Zhang, M. Y., Katzman, R., Salmon,
D., Jin, H., Cai, G. J., Wang, Z.
Y., et al. (1990). The prevalence of
dementia and Alzheimer’s disease in
Shanghai, China: impact of age,
gender, and education. Ann. Neu-
rol. 27, 428–427. doi: 10.1002/ana.
410270412
Zhou, D. F., Wu, C. S., Qi, H.,
Fan, J., Sun, X., Como, P., et al.
(2006). Prevalence of dementia in
rural China: impact of age, gender
and education. Acta Neurol. Scand.
114, 273–280. doi: 10.1111/j.1600-
0404.2006.00641.x
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 24 July 2013; accepted: 15
August 2013; published online: 19
September 2013.
Citation: Shen Y, Shi Z, Jia R,
Zhu Y, Cheng Y, Feng W and Li
C (2013) The attenuation of retinal
nerve ﬁber layer thickness and cogni-
tive deterioration. Front. Cell. Neu-
rosci. 7:142. doi: 10.3389/fncel.2013.
00142
This article was submitted to the journal
Frontiers in Cellular Neuroscience.
Copyright © 2013 Shen, Shi, Jia,
Zhu, Cheng, Feng and Li. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the orig-
inal author(s) or licensor are credited
and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permit-
ted which does not comply with these
terms.
Frontiers in Cellular Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 142 | 7
